The hnRNP A1 protein and a shortened derivative (UP1) promote telomere elongation in mammalian cells. In support of a direct role for A1 in telomere biogenesis, we have shown that the recombinant UP1 protein binds to telomeric DNA sequences in vitro, and pulls down telomerase activity from a cell extract. Here we show that A1/UP1 can interact directly with the RNA component of human telomerase (hTR). A portion of A1/UP1 that contains RNA recognition motif 2 (RRM2) is sufficient for an interaction with the first 208 nt of hTR. Given that the portion of A1/UP1 that contains RRM1 is sufficient for binding to a telomeric DNA oligonucleotide, we have tested whether A1/UP1 can interact simultaneously with both nucleic acids. Using a chromatography assay, we find that A1/UP1 bound to hTR can interact with telomeric DNA. Notably, these interactions are sufficiently robust to withstand incubation in a cell extract. Our results suggest that hnRNP A1 may help recruit telomerase to the ends of chromosomes.
INTRODUCTION
The extremities of eukaryotic chromosomes, or telomeres, are organized into specialized structures that protect the ends from nucleolytic degradation and prevent their recognition as double-stranded breaks. However, to counteract the loss of telomeric sequences following conventional DNA replication, telomeres must remain accessible to telomerase, the ribonucleoprotein enzyme that carries out telomere elongation (1) . How telomerase is recruited to telomeres is not known. In the yeast Saccharomyces cerevisiae, the Est1p protein is a component of telomerase that interacts with telomerase RNA (2) . Because Est1p can also bind to G-rich telomeric DNA in vitro (3), Est1p may mediate telomerase access to chromosome termini (2, 4) . In mammals, the hTERT and mTERT proteins have been identified as the catalytic component of the human and mouse telomerases, respectively (5) (6) (7) (8) (9) (10) . Several proteins including TEP1 (11, 12) , the RNA binding proteins hStau and L22 (13) , and the chaperone proteins p23 and Hsp90 (14) have been found to associate with human telomerase.
Whether any of these proteins facilitate the interaction of mammalian telomerase with telomeric DNA has not been addressed. More recently, immunoprecipitation assays in a cell extract have shown that the hnRNP C1 and C2 proteins can interact with the RNA component of the human telomerase (15) .
HnRNP A1 is one of the most abundant nuclear proteins in actively growing mammalian cells. A1 is involved in a variety of RNA-related processes including alternative RNA splicing (16) (17) (18) (19) and mRNA transport (20) . We have previously shown that a deficiency in A1 expression in a mouse erythroleukemic cell line is associated with short telomeres, and that restoring A1 expression increases the length of telomeres (21) . The expression of a shortened version of A1 (UP1), lacking the glycine-rich domain, can also promote telomere elongation in mouse and human cells.
Although we do not yet know the mechanism by which A1/UP1 modulates telomere length, this activity may be mediated through the direct binding of A1/UP1 to single-stranded telomeric sequences. In mammals, some of the 50-150 nt extensions of the G-rich strand (22, 23) may be sequestered into duplex structures (24) , a process that should expose internal single-stranded G-rich repeats. UP1 was initially found to be part of complexes that assemble on telomeric oligonucleotides following incubation in a HeLa nuclear extract (25) . A1/UP1 binds directly and specifically to vertebrate telomeric repeats in vitro (21, 26) . Although the recent structure of a co-crystal of UP1/telomeric DNA suggests that both RNA binding domains of UP1 (RRM1 and RRM2) can interact with telomeric DNA (27) , our biochemical assays indicate that RRM1 is sufficient for strong and specific binding to single-stranded telomeric DNA in vitro (26) . Consistent with the possibility that one function of A1/UP1 may be to shield and protect the ends of chromosomes, we have shown that the binding of A1/UP1 to telomeric DNA oligonucleotides prevents access to a variety of nucleases and polymerases (26) .
Another observation that argues in favor of a direct role for A1/UP1 in telomere biogenesis is the ability of recombinant UP1 to interact with telomerase in a mammalian cell extract (21) . Given that A1 is an RNA binding protein and that telomerase contains an RNA component (hTR in human cells), we sought to test whether A1/UP1 could interact directly with hTR. We report that A1/UP1 binds to hTR with specificity, and that this interaction requires the RRM2 domain. Because A1/UP1 can interact simultaneously with single-stranded telomeric DNA sequences, one function of hnRNP A1 may be to recruit telomerase to mammalian telomeres.
MATERIALS AND METHODS

Plasmids and oligonucleotides
The expression plasmids pGEX-UP1 and pGEX-A1 were described previously in LaBranche et al. (21) . The construction of pGEX-UP1∆1 and pGEX-UP1∆2 have been described in Dallaire et al. (26) . The pGem-T plasmid encoding the human RNA telomerase component was kindly provided by S.Bacchetti and R.Reddel. The telomeric oligonucleotide TS10 (TTAGGG) 10 was used in the columns and competition experiments.
In vitro transcription and RNA purification
The plasmid pGem-T, containing the sequence of hTR, was digested with a variety of restriction enzymes (MscI, DdeI, BsaHI, XbaI, AvaII, NaeI or BglI). RNA molecules produced from these plasmids (hTR-M, hTR-D, hTR-Ba, hTR-X, hTR-A, hTR-F and Bg, respectively) were obtained by transcription in vitro with either SP6 or T7 RNA polymerase (Amersham Pharmacia Biotech) in the presence of cap analog and [α-32 P]UTP (New England Nuclear). RNA purification was performed as described previously (28) .
Gel mobility shift assay
The binding assay of recombinant A1 or UP1 to telomerase RNA or the TS10 DNA oligonucleotide was performed in 10 µl containing 75 mM KCl, 2.5 mM MgCl 2 , 3% Ficoll, 40 mM poly(dI-dC), 0.1 mM EDTA, 5 mM HEPES and 1 mM DTT. In the assay presented in Figure 1C , poly(dI-dC) was substituted for heparin (final concentration of 2.5 µg/µl). Nucleic acids were always added to the mixture before addition of the protein. The reaction mixtures were incubated on ice for 5 min before the addition of 2 µl of dye and migration on a non-denaturing 5% acrylamide gel (29:1 acrylamide/ bis-acrylamide, 50 mM Tris pH 8.8, 50 mM glycine and 5% glycerol) run in Tris-glycine buffer (50 mM Tris pH 8.8 and 50 mM glycine).
Protein expression and purification
Procedure I to purify recombinant GST-A1 and GST-UP1 has been described in Dallaire et al. (26) . Purification of GST-A1, GST-UP1, GST-UP1∆1 and GST-UP1∆2 by procedure II was as follows. The expression plasmids encoding A1 or UP1 were transformed in Escherichia coli B21 strains and incubated overnight in 25 ml of L-broth medium containing 100 µg/µl of ampicillin. An aliquot of 10 ml of this culture was transferred to 500 ml of L-broth/ampicillin. Protein induction was realized by addition of IPTG to a final concentration of 100 µM when the culture reached 0.6-2.0 OD 600 . After 4 h of induction, the culture was centrifuged at 3500 r.p.m. at 4°C for 10 min. The supernatant was removed and the pellet washed and resuspended in washing buffer (50 mM piperazine pH 9.8, 0.5 M NaCl, 1 mM EDTA and 1 mM DTT). Cells were spun at 10 000 r.p.m. at 4°C for 10 min. The pellet was resuspended in lysis buffer (washing buffer containing 0.3 mg/ml of lysozyme, 0.5 mM PMSF, 1.6 mM benzamidine and 2 µM bacitracine). The resuspended pellet was sonicated 4 × 30 s. Triton X-100 was then added to a final concentration of 1% and the solution was incubated on a rotator at 4°C for 30 min. The mixture was centrifuged at 4°C for 10 min at 10 000 r.p.m. The pellet was washed, centrifuged again and resuspended in washing buffer. Gluthathione-Sepharose beads (500 µl) were then added to the solution and incubated for 1 h at 4°C. Beads were recovered and elution of GST-A1 and GST-UP1 was performed in washing buffer containing 200 mM piperazine and 20 mM gluthathione. This last step was repeated three times. The eluted fractions were pooled and dialyzed against buffer DN (20 mM HEPES pH 7.9, 100 mM KCl, 5% glycerol, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT and 0.1% NP-40).
Binding assay on agarose adipic acid hydrazide columns
The telomeric oligonucleotide TS10 was purified on a denaturing 10% acrylamide gel (38:2 acrylamide/bis-acrylamide, 20% formamide, 8 M urea, 90 mM Tris-borate and 2 mM EDTA). The purified oligonucleotide (10 nmol) was resuspended in water and coupled to 250 µl of agarose adipic hydrazide according to the manufacturer's recommendation (Amersham Pharmacia Biotech). Fifty microliters (packed volume) of agarose beads coupled with TS10 were packed in a 200 µl pipetman tip. Each protein/RNA mixture (15 fmol RNA and 96 pmol of protein) was prepared, mixed with buffer DN and half was loaded onto the column (the other half was kept as the input fraction). Each column was washed several times with 200 µl (4 × 50 µl) of buffer DN. In some experiments the salt concentration of buffer DN (normally containing 100 mM KCl) was changed to 150 or 75 mM KCl, as indicated.
Stepwise elution was accomplished with buffer DN containing increasing salt concentrations (250, 500 or 750 mM or 1 M KCl). For each salt concentration, elution was performed with a 200 µl vol (4 × 50 µl). Input, flow-through, wash and eluted fractions were split in half and each set was processed independently. For the first set, the protein profile was monitored by silver staining after fractionation by SDS-PAGE. For the second set, labeled hTR-A RNA was extracted with phenol/ chloroform/isoamylalcohol, ethanol precipitated and fractionated on a 5% acrylamide-8 M urea gel.
The HeLa S100 extract (protein concentration of 5 µg/µl) was prepared as described previously (29) . An aliquot of 15 fmol of hTR-A (with or without 75 pmol of A1) was added to 10 µl of S100 extract in a total volume of 100 µl in buffer DN. After a 10 min incubation at 4°C, the mixture was loaded onto a TS10 column.
RESULTS
UP1 interacts with human telomerase RNA
We showed previously that a column made with GST-UP1 can specifically recover telomerase activity from a cell extract (21) . To test whether UP1 can interact directly with telomerase RNA, we performed a gel mobility shift assay using recombinant UP1 protein. As substrate, we used a battery of 32 P-labeled RNAs transcribed from the gene encoding human telomerase RNA (hTR). These RNAs were produced by runoff transcription of pGem-T linearized at internal positions ( Fig. 1A and B ). As controls, we used a 295 nt RNAcontaining sequence complementary to the 3′ end of hTR (Bg), and the 91 nt CE4 RNA, which contains a high affinity binding site for A1/UP1 (19) . Mixtures were fractionated in a native polyacrylamide gel. As shown in Figure 1C , hTR-M, hTR-D and hTR-X were not significantly bound by UP1. In contrast, >50% of hTR-Ba, hTR-A and hTR-F existed in complexes at the highest concentration of UP1 tested (Fig. 1C, lanes 12, 20 and 24) . Although the control antisense Bg RNA was bound at the highest concentration of UP1 (Fig. 1C, lane 28) , <50% of the input RNA was in the complex. These results suggest that UP1 can bind to the 5′ half of hTR. Because hTR-Ba is the shortest RNA molecule bound by UP1, the binding site may reside within the first 71 nt of hTR, a region that includes the template region (+46 to +55). It is likely that the secondary structure of the RNA molecule plays an important role in the presentation of the binding site since UP1 did not bind to a longer RNA (hTR-X), but bound to a slightly longer version (hTR-A).
To address the specificity of the UP1/hTR interaction we performed the binding assay in the presence of molar excesses of competitor RNAs. As shown in Figure 1D , a gradual increase in the amount of cold hTR-A RNA compromised the formation of UP1/ 32 P-hTR-A complexes (Fig. 1D, lanes 3-8) .
In contrast, these complexes were not affected by the addition of a 1000-fold excess of unlabeled Bg RNA (Fig. 1D, lanes  10-14) . The above binding assays do not address whether UP1 binds specifically to one strong binding site in hTR or to multiple weaker binding sites, or to a combination thereof. This issue will be resolved by testing a battery of mutated hTR derivatives.
We reported previously that UP1 but not the full-length hnRNP A1 protein could recover telomerase activity from a mammalian extract (21) . Thus, recombinant hnRNP A1 might not interact with hTR-A RNA. Indeed, we observed that a preparation of recombinant A1 protein interacted much less efficiently than UP1 with hTR-A ( Fig. 2A) , despite the fact that this A1 preparation could bind to a telomeric oligonucleotide with an efficiency similar to UP1 (data not shown). However, during the course of these investigations we modified the procedure used for the preparation of recombinant proteins (procedure II, see Materials and Methods). A1 preparations made according to procedure II interacted with hTR-A RNA as efficiently as UP1 (Fig. 2B) . These results indicate that both recombinant A1 and UP1 can interact with telomerase RNA. The failure of early A1 preparations to interact with hTR may be due to an improper folding of the glycine-rich domain, a region that has been reported to be highly disordered (30) , and therefore possibly more inclined to interfere with the activity of a nearby nucleic acid binding domain (see Discussion). 
The RRM2 domain is required for the interaction with telomerase RNA
In a previous report we analyzed the role played by protein domains in the specific binding of UP1 to telomeric DNA sequences in vitro (26) . Using a substrate oligonucleotide carrying 10 telomeric repeats (TS10), we found that a truncated version of UP1 that contains RRM1 and the linker region (UP1∆2) is sufficient for strong and specific binding to telomeric sequences, as judged by gel-shift assays (26) . To determine which portion of UP1 is required for the binding to hTR, we performed a gel-shift assay with two UP1 derivatives, UP1∆1 and UP1∆2. UP1∆1 lacks most of RRM1 while UP1∆2 lacks RRM2 (Fig. 3A) . As shown previously (26) , only UP1∆2 can form complexes with TS10 at the concentrations tested (Fig. 3B) . Interestingly, while UP1∆1 forms a complex with hTR-A (Fig. 3C, lane 2) , UP1∆2 does not (Fig. 3C, lane 3) . The interaction of UP1∆1 with hTR-A appears specific since UP1∆1 did not bind to Bg RNA (Fig. 3C, lane 4) . These results suggest that the two RRMs of hnRNP A1 have distinct specificities: RRM1 binds to telomeric DNA sequences while RRM2 interacts with the RNA component of telomerase.
If the binding to telomeric DNA and telomerase RNA occurs through distinct RRMs, an excess of one nucleic acid (e.g., telomeric DNA) should not interfere with the binding of UP1 to the other nucleic acid (e.g., telomerase RNA). Consistent with this prediction, the binding of UP1 to [ 32 P]-hTR-A remained relatively insensitive to gradual increases in the amount of the telomeric oligonucleotide TS10 (Fig. 3D, lanes  3-8) . While large amounts of TS10 promoted some dissociation of hTR-A (Fig. 3D, lanes 7 and 8) , similar amounts of competitor hTR-A had led to near complete disruption of the complexes (see Fig. 1D, lanes 7 and 8) . These results support the notion that the two RRMs bind to different nucleic acids. However, they do not address whether UP1 can interact simultaneously with telomeric DNA and telomerase RNA since, in the gel system used, the migration of a complex is determined more by the size and number of proteins than by the length and number of nucleic acids. (B) Gel-shift assay using UP1∆1 and UP1∆2 and the labeled TS10 telomeric DNA oligonucleotide (10 fmol). Increasing amounts of the UP1 derivatives were used in each set (0.5, 1.0, 1.5 and 2.0 pmol). (C) Gel-shift assay with UP1∆1 and UP1∆2. Binding was performed using uniformly 32 P-labeled hTR-A (lanes 1-3) or Bg RNA (lanes 4-6). (D) A telomeric oligonucleotide does not efficiently compete the binding of UP1 to hTR RNA. UP1 (5 pmol) and the 32 P-labeled RNA (1 fmol) were incubated in the presence of increasing amounts of the telomeric oligonucleotide TS10 (1, 50, 100, 250, 500 and 1000 fmol).
A1/UP1 can interact simultaneously with telomerase RNA and telomeric DNA
The ability of A1/UP1 to bind to telomeric sequences through the RRM1 domain and to interact with telomerase RNA through the RRM2 domain suggests that these interactions can occur simultaneously on the same A1/UP1 molecule. To address whether a ternary complex made up of A1/UP1, telomeric DNA and hTR RNA could form, we performed the following experiment. TS10 oligonucleotides were covalently coupled to an adipic acid hydrazide agarose column. The TS10 column was loaded with a mixture containing 32 P-labeled hTR-A RNA and GST-UP1 or GST-A1. A control loading was performed with a mixture containing labeled hTR-A only. Loaded columns were washed extensively with buffer containing 100 mM KCl and the bound material was eluted in a stepwise manner using solutions containing 250, 500 or 750 mM or 1 M KCl. In the absence of protein, labeled hTR-A RNA was not significantly retained by the column, as noted by the presence of hTR-A in the flow-through fraction only (Fig. 4A, lane 2) . In contrast, in the presence of UP1 or A1, hTR-A bound to the column and eluted principally in the 0.5 M KCl fraction (Fig. 4B and C, lane 7 in the left panels). The bulk of bound UP1 and A1 also began eluting at 0.5 M KCl (Fig. 4B and C, lanes 7-9 in the right panels). The fact that little hTR-A RNA remained in the 0.75 M KCl fractions (lane 8), which still contain A1/UP1, indicates that the RNA-protein interaction tolerates 250 mM KCl but does not resist 0.5 M KCl. These results demonstrate the existence of a complex containing recombinant A1/UP1, hTR-A and telomeric DNA.
To address the specificity of this interaction, we carried out an interaction assay with the single-stranded nucleic acid binding protein gp32. gp32 can bind telomeric DNA oligonucleotides, as judged by gel-shift assays (26) . While gp32 also binds to the TS10 column (Fig. 4D, lanes 4 and 5 in the right panel), bound gp32 did not retain hTR-A (Fig. 4D, lanes  4-7 in the left panel) .
As additional controls, we tested the ability of GST-UP1∆1 and GST-UP1∆2 to retain hTR-A on the telomeric DNA column. Loading was performed at higher salt concentration (150 mM KCl), to minimize non-specific interactions, and in the presence of the protein GST as an internal control. In these conditions, GST-UP1 was specifically retained by the TS10 column (Fig. 5A, lanes 1-7, bottom panel) , and the majority of hTR-A was recovered in the 250 mM and 0.5 M KCl washes (Fig. 5A, lanes 4 and 5, top panel) . While UP1∆2 could bind to the TS10 column, it eluted at a lower salt concentration than UP1 (Fig. 5A, lanes 18-21, bottom panel) , consistent with our previous observation that UP1∆2 binds to TS10 less efficiently than UP1 (26) . Although UP1∆2 bound to the column, it did not retain hTR-A (Fig. 5A, lanes 18-21, top panel) . In contrast and consistent with our previous report, UP1∆1 did not bind significantly to the telomeric DNA column (Fig. 5A, lanes 11-14,  bottom panel) . Consequently, little hTR-A was retained by the column (Fig. 5A, lanes 11-14, top panel) . The residual amount of hTR-A may be due to the varying tendency of the recombinant proteins to form aggregates. Because UP1∆1 can bind to hTR-A (Fig. 3C) , this may explain why some hTR-A is found in the eluted fractions obtained with UP1∆1. Performing the experiment with a mixture of GST-UP1∆2 and GST-UP1∆1 essentially led to the same conclusion: very little hTR-A was retained on the TS10 column (Fig. 5B, lanes 11-14, top panel) . These results confirm the importance of RRM1 in telomeric DNA binding, and of RRM2 in hTR-A binding. Thus, simultaneous binding of UP1 to TS10 and hTR-A requires the presence of both RRMs.
We have shown in a previous study using adipic acid columns that the recombinant A1 protein can interact with itself, and that this interaction requires the glycine-rich domain since it does not occur with UP1 (19) . Because GST-UP1 but not free GST is retained on the column (Fig. 5) , dimer formation through the GST domains is unlikely in our experimental conditions. Because a GST-A1 column can pull-down other GST-A1 molecules (data not shown), the possibility that recombinant molecules already exist as stable dimers appears unlikely. Although we cannot rule out that a GST-induced dimerization could conceivably be a problem in our assay, we favor the notion that the simultaneous binding of UP1 to telomerase RNA and telomeric DNA takes place on a single UP1 molecule, and not on a complex containing several UP1 proteins.
As the experiments described above were performed with purified components, we wished to address whether these interactions could occur in an environment that is more biologically relevant. Thus, a solution containing recombinant A1 and hTR-A was added to a HeLa S100 extract, which is a cellular preparation used to carry out conventional telomerase extension assays (31, 32) . The mixture was loaded onto a TS10 column to determine whether hTR-A could be retained in an A1-dependent manner. The results shown in Figure 6 indicate that complexes containing hTR-A/A1/TS10 can form in a HeLa S100 extract. Thus, the interactions between A1, hTR-A and TS10 are sufficiently strong to withstand incubation in a cell extract.
DISCUSSION
We have shown that A1 and its shortened derivative UP1 can bind specifically to hTR in vitro. The first 214 nt of hTR (hTR-A) are sufficient for binding. This region corresponds to the minimal region of hTR that can rescue telomerase activity in an extract where endogenous hTR had been inactivated by micrococcal nuclease digestion (33) . Moreover, an exhaustive phylogenetic comparative analysis suggests that this region forms a distinct motif containing a pseudoknot domain (34) . The binding of UP1 to shorter versions of hTR suggests that the binding site may be located within the first 71 nt, a portion that contains the template region. We are currently using a variety of approaches to precisely map the binding site of A1/UP1 on the 5′ portion of hTR.
The binding of UP1 to a component of the telomerase was predicted from our previous demonstration that UP1 could specifically recover telomerase activity from a mouse cell extract (21) . Recently we have shown that the first nucleic acid binding domain of UP1 (RRM1) is sufficient for strong binding to telomeric DNA sequences in vitro (26) . Because the second nucleic acid binding domain of UP1 (RRM2) is not essential for binding to telomeric DNA, we reasoned that it could be involved in binding to telomerase RNA. This prediction was confirmed in vitro: the deletion of RRM2 compromised binding to hTR-A, and a derivative lacking most of RRM1 but containing a complete RRM2 bound specifically to the 5′ end portion of telomerase RNA.
Although the structure of a co-crystal of UP1/telomeric DNA indicates that both RRM1 and RRM2 interact with telomeric DNA (27) , our biochemical assays indicate that RRM1 is sufficient for strong and specific binding to single-stranded telomeric DNA in vitro (26) , while the C-terminal portion of UP1 that contains RRM2 is sufficient for binding to hTR-A. Given that the RRM2 portion has a weaker affinity for telomeric sequences than the RRM1 portion (26) , the RRM2 portion may interact with a telomeric sequence when it is the only sequence available (as in the crystal), but may be capable of interacting with another nucleic acid molecule, like hTR.
Most importantly, we have shown that the interactions of A1 with telomeric DNA and hTR-A may occur simultaneously in vitro, and that these interactions can resist incubation in a cell extract. Although some proteins have the ability to bind to either DNA or RNA (e.g., gp32, ssB, TFIIIA), a protein that can interact simultaneously with DNA and RNA represents a unique situation in biological systems. Interestingly, the yeast protein Est1 has recently been shown to interact with the Tlc1 telomerase RNA (2) . Although Est1 has been reported to interact with telomeric DNA with low affinity (3), it is not known whether these nucleic acid interactions can occur . The TS10/A1/hTR-A ternary complex resists incubation in a nuclear extract. Left, hTR-A and recombinant A1 were mixed and loaded onto the TS10 column. Middle, hTR-A and recombinant A1 were incubated together and mixed in a HeLa S100 extract. The mixture was then loaded onto a TS10 column. Right, as in the middle panel except that A1 was omitted. In all cases, RNA recovered from each fraction was fractionated on a denaturing polyacrylamide gel. I, input (total fraction); FT, flow-through fraction (total fraction); W, wash fractions (total fractions). Elutions 1, 2, 3 and 4 are successive elutions with buffer DN containing 250, 500 or 750 mM or 1 M KCl, respectively. The position of hTR-A is indicated.
simultaneously on Est1. We have spent considerable efforts in trying to document the formation of a hTR/UP1/telomeric DNA oligonucleotide complex by native gel analysis. Despite observing binding of UP1 to either hTR or telomeric DNA, we have been unable to confirm simultaneous binding using this approach. The stable migration of a UP1 complex in an electrical field may require that both RRMs interact with hTR or the DNA oligonucleotide. Although the chromatography assay may be considered less stringent (no heparin, no electrical field), we have minimized low affinity interactions by performing the assay at higher salt concentrations (100-150 mM KCl). The fact that the UP1-dependent binding of hTR-A to the TS10 column was resistant to a 250 mM KCl wash also suggests that the assay monitored relatively strong interactions.
Another important finding concerns the ability of the complete hnRNP A1 protein to interact with hTR. We had observed initially that the recombinant A1 protein could not recover telomerase activity from a cell extract (21) . We have shown here that the procedure used to prepare recombinant A1 is critical to confer the ability to bind hTR. The procedure used in the initial report did not yield A1 molecules that could interact with hTR. In contrast, the new procedure yielded A1 proteins that bound to hTR as efficiently as UP1. Although the reason for these differences remains unclear, it has been reported that the glycine-rich domain (GRD) of A1, which is absent from UP1, is largely disordered (30) . Therefore, one possibility is that an unstructured GRD interferes with the binding activity of the closest RRM (RRM2), which binds to hTR. Because cell lysis in procedure II is performed at 0.5 M NaCl (as compared with 130 mM NaCl in procedure I), procedure II may yield a more structured GRD, allowing RRM2 to interact more stably with hTR-A.
Our initial observation had led us to suggest that the conversion of A1 into UP1 might be important to yield a protein capable of interacting with telomerase. However, based on the results presented in this study we would instead postulate that the structure of the GRD may modulate the interaction between A1 and hTR. Notably, phosphorylation of the GRD changes its conformation (30) . Several kinases, including PKCζ, have been documented to phosphorylate the GRD in vitro and in vivo (30, 35, 36) . Thus, recruitment of telomerase to chromosome ends may be modulated by kinases that target the GRD of A1.
Although the binding of hnRNP A1 to single-stranded extensions at the ends of mammalian chromosomes remains to be demonstrated in vivo, our results support a model in which hnRNP A1 plays a direct role in telomere biogenesis. Our previous report (26) suggests that the binding of A1 to telomeric DNA may help shield the ends of chromosomes from nucleolytic attack and from surveillance mechanisms that detect double-stranded DNA breaks. The recruitment of the telomerase ribonucleoprotein complex to chromosome ends may contribute to this protective role. In addition, the simultaneous interaction of A1 with telomeric DNA and hTR may help position telomerase in preparation for the extension of 3′ overhangs.
